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Introduction {#sec001}
============

Many plants are popularly used for nutritional and/or therapeutic purposes and specifically in the development and discovery of new drugs for the treatment of degenerative diseases such as osteoarthritis (OA). The need for scientific evidence has stimulated validation studies of plant species such as *Chenopodium ambrosioides* L. (Amaranthaceae), which has been popularly used in diuretic, anti-inflammatory and healing capacities \[[@pone.0141886.ref001]\]. This plant species is an annual or perennial shrub with strong aromatic odor. It is found throughout the Brazilian territory and is known in Brazil as \"mastruz\" or \"Erva-de-Santa-Maria\" \[[@pone.0141886.ref002]\]. It is a plant rich in monoterpenes, including ascaridole, cited as one of its most abundant compounds \[[@pone.0141886.ref003]\].

Some biological actions of this plant have been scientifically demonstrated, especially in studies using extracts from its leaves. Some of these studies have involved modulation of the immune and inflammatory responses, for example, soft tissue and bone repair \[[@pone.0141886.ref004]\]; antitumor \[[@pone.0141886.ref005]\], antileishmanial \[[@pone.0141886.ref006]--[@pone.0141886.ref007]\], analgesic \[[@pone.0141886.ref008]\], anti-inflammatory and antinociceptive \[[@pone.0141886.ref009]\] actions; and in the treatment of *Helicobacter pylori* \[[@pone.0141886.ref010]\].

Although the anti-inflammatory effects of *C*. *ambrosioides* have been demonstrated in different experimental models, there is still no evidence of the effect of this species on clinical OA, associating these aspects with immunopharmacological evaluations. Furthermore, to date, there is little evidence of possible substances involved in the anti-inflammatory and antinociceptive effects reported in the literature.

The ascaridole, a bicyclic monoterpene, is one of the most abundant terpenoid in *Chenopodium* genus \[[@pone.0141886.ref003]\]. Recent studies have suggested that ascaridole found in ethanolic extracts of *C*. *ambrosioides* leaves, may be primarily responsible for its antinociceptive, sedative and anti-inflammatory effects \[[@pone.0141886.ref009],[@pone.0141886.ref011],[@pone.0141886.ref012]\]. These findings led us to use molecular docking tests \[[@pone.0141886.ref013]\] to investigate whether there is an association between ascaridole and specific pain receptors, such as N-methyl-D-aspartate (NMDA). This receptor has been thought responsible for the processes of central sensitization and chronic pain \[[@pone.0141886.ref014]\]. Some NMDA receptor antagonists have demonstrated the capacities to reduce chronic pain and to prevent hyperalgesic phenomena.

Our data demonstrated that treatment with *C*. *ambrosioides* promotes analgesic and anti-inflammatory effects, improving the clinical aspects of experimental OA, and that this effect is likely associated with the antagonistic action of ascaridole on the NMDA receptor.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

Two months-old Wistar male rats (*Rattus norvegicus*, albinus variety), were bred in our animal facilities at the Federal University of Maranhao (UFMA), under standard conditions. All procedures described were reviewed and approved by the Ethics Committee of the UFMA, in accordance with COBEA (Brazilian College of Animal Experimentation), protocol.23115-006307/2010-2.

Plant material {#sec004}
--------------

The *C*. *ambrosioides* leaves were collected from the Canaã garden in the municipality of Paço do Lumiar--MA (2°30\'08.1\"S 44°08\'39.2\"W), and the botanical identification was performed at the Ático Seabra Herbarium of UFMA, with specimen number 1148/SLS017213. A total of 4.8 kg of fresh leaves was collected to obtain the extract, which were then cleaned and dried in an oven at 39°C. The dried material was crushed in a powder mill with a particle size between 250 and 710 μm, resulting in 594 g of powdered raw material, and subjected to percolation using 70% alcohol solution and mixed every eight hours for 24 hours, with 1:5 hydromodule (w/w). The material was passed through a filtration process repeatedly four times and concentrated under reduced pressure to obtain the dry extract \[[@pone.0141886.ref015]\]. A yield of 16.03% of the crushed dried leaves was obtained.

The crude hydroalcoholic extract (HCE) obtained was evaluated using qualitative and semi-quantitative methods \[[@pone.0141886.ref016]\]. The results were positive to organic acids, alkaloids, phenolic compounds, saponins, condensed tannins, terpenes, flavononols and flavanones. There were no coumarins, cyanogenic heterosides, resins, hydrolysate tannins, anthocyanins, anthocyanidins, flavones, flavanols, xanthones, chalcones, leucoanthocyanidins and catechins.

OA model induced by sodium monoiodoacetate (MIA) {#sec005}
------------------------------------------------

The animals were anesthetized by intraperitoneal injection of sodium thiopental 40 mg/kg. After verification of the anesthetic plane, trichotomy of the right hind leg and local asepsis were performed with topical 10% povidone iodine solution. The joint injury was induced by a single intra-articular injection of 2 mg of MIA into this knee, diluted to a maximum volume of 25 μL solution at a dose of 8 mg/kg. With the leg bent at the knee at an angle of approximately 90°, the MIA solution was injected through the patellar ligament using a26GX3/8 needle, in the intra-articular space between the tibia and femur \[[@pone.0141886.ref017]\].

Experimental design {#sec006}
-------------------

On day 0 (zero), the animals received an intra-articular injection of MIA (8 mg/kg) for induction of OA in the knee (n = 25). After the injection, the animals were randomly divided into five groups: negative control (CTL-), positive control (CTL+), HCE0.5, HCE5 and HCE50. After six hours, the groups were treated orally (1x/day) with saline (200 μL), Maxicam Plus 0.5 mg (0.5 mg Meloxicam + 100 mg Chondroitin sulfate) and HCE at doses of 0.5 mg/kg, 5 mg/kg and 50 mg/kg, respectively. A sixth group of animals that received neither MIA nor treatment was created and called Clean.

At three, seven and ten days after the MIA injection, clinical evaluations were performed regarding edema formation, mechanical allodynia, mechanical hyperalgesia and motor activity. On day 10, the animals were euthanized, with an overdose of the anesthetic by intraperitoneal route.

Then, the synovial fluid was collected for cell counts, and the cartilage removed for histopathological analysis. Besides, the draining lymph nodes were collect to cell quantification.

Clinical evaluations {#sec007}
--------------------

### Knee diameter evaluation {#sec008}

To indirectly evaluate the joint inflammation (edema and cellular infiltrate), the knees were measured. A precision tape measure was used to evaluate knee diameter. The tape was positioned medio-laterally in the joint interline region to quantify the joint diameter (cm) of the knee.

### Evaluation of mechanical allodynia {#sec009}

The evaluation was performed with a digital analgesy-meter (*Insight* Model, São Paulo, Brazil), consisting of a pressure transducer connected to a digital power meter with measurements expressed in grams (g). The device accuracy was 0.1 g. The device was calibrated to record a maximum force of 150 g while maintaining an accuracy of 0.1 g with up to 80 g force. The pressure transducer was connected to the leg of the animal using a 0.5 mm diameter disposable polypropylene tip adapted for this purpose \[[@pone.0141886.ref018]\]. The test was performed ten consecutive times at intervals of two minutes until three similar readings were taken.

### Evaluation of mechanical hyperalgesia {#sec010}

An analgesy-meter (*Ugo-Basile*, *Stoelting*, Chicago, IL, USA) was used to perform this test, which generated a linear increase in force (g) on the dorsal surface of the animal\'s leg until it produced a response characterized as leg withdrawal. Three measurements were taken of the ipsilateral (left) and contralateral (right) legs before and after at regular intervals. The data are expressed as leg withdrawal thresholds in grams \[[@pone.0141886.ref019]\].

### Evaluation of motor activity {#sec011}

The animals were placed on a Rotarod, a device similar to a rotor, rotating at a speed of 4 to 40 rpm for a period of 300 seconds. Two basic training tests were performed followed by two recorded evaluations. After induction, three evaluations were performed, and the mean latency was recorded. The animals were allowed a rest period of 15 minutes between evaluations. The data are expressed as walking values and were coded by a single viewer \[[@pone.0141886.ref020]\].

Immunopharmacological evaluations {#sec012}
---------------------------------

### Collection of synovial fluid {#sec013}

The synovial fluid was obtained by double washing the joint cavity with 0.2 mL of sodium phosphate buffer (0.15 M, and pH 7.4) containing 37.2 mg of EDTA (0.01 M). The joint lavage was obtained using aspiration and was kept on ice until cell counting \[[@pone.0141886.ref020]--[@pone.0141886.ref021]\].

### Histopathological analysis of the synovia cartilage {#sec014}

The synovial tissue was extracted, fixed in 10% formalin for 24 hours and immersed in descaling solution for 15 days. It was then processed using routine methods up to embedding in paraffin blocks. The medial and lateral compartments were separated longitudinally and sent for histological preparation with hematoxylin-eosin staining. Toluidine blue staining was also performed as the cartilage histological control, which specifically stains organic matrix proteoglycans of the cartilage \[[@pone.0141886.ref020]--[@pone.0141886.ref021]\].

Histological evaluation was performed by subjective interpretation of various parameters, such as inflammatory exudate, impairment of inflammatory exudate (perivascular, interstitial and synovial epithelium), fibrinoid deposits and edema, chosen based on the findings of authors who had used experimental OA models on *Wistar* rats \[[@pone.0141886.ref020]--[@pone.0141886.ref021]\]. To evaluate these parameters, scores were standardized as follows: 0---absent, 1---light, 2---moderate and 3---intense.

### Obtaining the popliteal lymph node cells {#sec015}

The popliteal draining lymph node was removed, weighed and processed in 1 mL sterile RPMI medium.

### Leukocyte count {#sec016}

The cell suspensions obtained from the synovial lavage and lymph node were added to a crystal violet solution (0.05% and acetic acid to 30%) at a ratio of 9:1 (dye: cells). The cells were then quantified in a Neubauer chamber using a light optical microscope.

Molecular docking {#sec017}
-----------------

The interaction between ascaridole, the main monoterpene found in the *C*. *ambrosioides* species, and the pain receptor NMDA was analyzed using molecular docking. The ascaridole structure was obtained from the PubChem database---Code 10545. The terpene geometry was optimized in a vacuum at medium level of Density Functional Theory (DFT) to obtain the atomic and molecular electronic properties that are correlated with biological activity, using a B3LYP hybrid functional with base set 6--31++G (d, p) using *Gaussian software* 09 (*Frisch*, *Wallingford*, *CT*, *USA*). Vibrational frequencies were calculated from analytic second derivatives to check the minimum on the potential energy surface. The NMDA receptor structure used was obtained from *Rattus norvegicus* and was available in the Protein Data Bank (code 4NF5).

A protein with a crystallographed glutamatergic receptor was used in the molecular docking assays with NMDA receptors. This protein consists of two chains (A and B) that differ in their amino acid compositions. The ligands present therein were removed, and one docking was performed separately in each chain.

The AutoDock 4.2 package \[[@pone.0141886.ref022]\] was used for molecular docking calculations. The AutoDock Tools module was used to prepare and analyze computer simulations. *Gasteiger* loads and polar hydrogen necessary for the potential calculations were added considering the target structure, with the water molecules removed. The *Gasteiger* loads were also assigned to the ligands, and the non-polar hydrogens were suppressed. The rotatable interactions of each ligand were defined automatically. AutoDock requires pre-calculated three-dimensional maps, arranged in a box composed of a three-dimensional grid map in a defined region of the macromolecule (target site). AutoGrid 4.0 software was used to generate the maps for the ligands. The box was placed in the catalytic region of the receptor, centered on the portion of the amino acids Tyr143 (Chain A) and Arg121 (Chain B), identified as the active site of the NMDA receptor. The dimensions of the box in the X-, Y- and Z-axes were 60 Å x 60 Å x 60 Å, respectively, with a spacing of 0.375 Å \[[@pone.0141886.ref023]\].

The Lamarckian genetic algorithm (LGA) \[[@pone.0141886.ref024]\] was chosen to search for the best conformations, with 100 runs for each ligand (genetic algorithm with local search). During the search process, the NMDA receptor structure was kept rigid while the ligands were kept flexible. The initial population was maintained at 150, and the search was performed using random initial conformations. The complex with the best result was identified based on inhibition constants and residues that best interacted with the ligand. Molecular analyses and complex representations were obtained using the UCSF Chimera package, and representations of hydrogen and hydrophobic interactions were generated using LigPlot++ software \[[@pone.0141886.ref025]--[@pone.0141886.ref026]\].

Statistical analysis {#sec018}
--------------------

Comparison of the means of the different experimental groups was performed using the Student *t* test or analysis of variance (One-way ANOVA) followed by the Tukey test, after normality tests. Bivariate analysis of variance (Two-way ANOVA) was used when evaluating two sources of variability. A p-value of \<0.05 was considered to indicate significance, and the data obtained were analyzed using GraphPadInStat® software (GraphPad Software, San Diego, CA, USA).

Results {#sec019}
=======

Evaluation of joint inflammation {#sec020}
--------------------------------

The animals showed increased knee diameter on the third day after the MIA injection, that was more evident in the groups treated with HCE. On the seventh day, there was an increase in knee diameter in the CTL- group and reductions in the other groups. The diameter reduction was statistically significant in the CTL+ group (p\<0.05). On the tenth day, all treated groups showed smaller knee diameter when compared to CTL- ([Fig 1A](#pone.0141886.g001){ref-type="fig"}). When the percentage inhibition of the treatments was analyzedrelative to the third day, all groups had decreased the knee diameter, except CTL-. This inhibition was more evident in theHCE5 group, which was similar to CTL+ ([Fig 1B](#pone.0141886.g001){ref-type="fig"}).

![Measurement of knee with OA from animals treated with *Chenopodium ambrosioides* HCE.\
OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the knee diameters of the animals were measured for indirect evaluation of inflammation. A shows the kinetics of inflammation, and B shows the percentage inhibition of inflammation on day ten compared to day three. The data are represented as the means ± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.](pone.0141886.g001){#pone.0141886.g001}

Histopathological evaluation {#sec021}
----------------------------

Histopathological analysis of the synovial membrane revealed that the inflammatory cell infiltrate was predominantly mononuclear. This infiltration was lower only in the HCE5 group compared to the CTL- group. No significant differences were observed between groups in terms of edema ([Table 1](#pone.0141886.t001){ref-type="table"}).

10.1371/journal.pone.0141886.t001

###### Histopathological analysis of the synovial membrane from animals with MIA- induced OA and treated with *Chenopodium ambrosioides* HCE.

![](pone.0141886.t001){#pone.0141886.t001g}

                            Clean                                           CTL-        CTL+        HCE0.5      HCE5                                              HCE50
  ------------------------- ----------------------------------------------- ----------- ----------- ----------- ------------------------------------------------- -----------
  Inflammatory infiltrate   1.0±0.0[^a^](#t001fn001){ref-type="table-fn"}   2.0±0.0     2.0±0.5     3.0 ± 1.1   1.0 ± 0.5 [\*](#t001fn002){ref-type="table-fn"}   2.0 ± 0.5
  Edema                     0.0 ± 0.0                                       0.0 ± 1.5   0.5 ± 0.9   2.0 ± 1.1   0.0 ± 0.5                                         0.0 ± 0.5

^a^ Mean ±S.E.M.of following scores: 0---absent, 1---light, 2---moderate and 3 --intense.

\* p ≤ 0.05 when compared to the CTL- group.

Leukocyte counts of synovial lavage and popliteal lymph node {#sec022}
------------------------------------------------------------

Synovial lavage cell counts revealed that among the groups treated with HCE, only the HCE5 group had a reduced number of inflammatory cells when compared to the CTL- group. With regard to popliteal lymph node cell count, only the HCE5 group showed an increase in cell numbers when compared to CTL- ([Table 2](#pone.0141886.t002){ref-type="table"}).

10.1371/journal.pone.0141886.t002

###### Count of synovial and popliteal lymph node cells from animals with MIA-induced OA and treated with *Chenopodium ambrosioides* HCE.

![](pone.0141886.t002){#pone.0141886.t002g}

                   Clean                                             CTL-           CTL+          HCE0.5         HCE5                                                 HCE50
  ---------------- ------------------------------------------------- -------------- ------------- -------------- ---------------------------------------------------- --------------
  Synovial Fluid   0.0 ± 0.0[^a^](#t002fn001){ref-type="table-fn"}   132.0 ± 54.2   35.3± 22.3    119.3 ± 56.0   22.7± 2.0[\*](#t002fn002){ref-type="table-fn"}       100.3 ± 41.7
  Lymph node       49.7 ± 10.1                                       171.3 ± 38.9   97.3 ± 61.5   122.0 ± 54.2   274.8 ± 99.9 [\*](#t002fn002){ref-type="table-fn"}   257.0 ± 38.1

^a^ Mean ±S.E.M.

\* p ≤0.05 when compared to the CTL- group.

Evaluation of mechanical allodynia {#sec023}
----------------------------------

The animals exhibited decreases in the nociceptive leg withdrawal threshold on the third day after the MIA injection, characterizing mechanical allodynia. These decreases occurred in all experimental groups. On the seventh day, there were decreases in the thresholds of the CTL- and HCE50 groups and increases in the thresholds in the HCE0.5, HCE5 and CTL+ groups. On the tenth day, all groups treated with HCE showed improvement in the intensity of mechanical allodynia, as evidenced by increases in the nociceptive threshold, which was also significant in the CTL+ group when compared to CTL- ([Fig 2A](#pone.0141886.g002){ref-type="fig"}). When the percentage reductions in mechanical allodynia of HCE treatments were analyzed in relation to the third day, all groups, except CTL-, presented increases in their nociceptive thresholds, improving induced mechanical allodynia. This improvement was more evident in the HCE5 group, which was similar to CTL+ ([Fig 2B](#pone.0141886.g002){ref-type="fig"}).

![Evaluation of mechanical allodynia of animals with OA and treated with *Chenopodium ambrosioides* HCE.\
OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the nociceptive thresholds of animal leg withdrawal were measured for indirect evaluation using a *Von Frey* filament apparatus. A shows the kinetics of nociceptive threshold of leg withdrawal, and B shows the percentage reduction in mechanical allodynia on day ten relative to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.](pone.0141886.g002){#pone.0141886.g002}

Evaluation of mechanical hyperalgesia {#sec024}
-------------------------------------

The animals also exhibited decreased leg withdrawal nociceptive thresholds on the third day after the MIA injection. These decreases occurred in all groups treated with HCE, in addition to the CTL+ and CTL-. On the tenth day of the experiment, all treated groups except for HCE50 showed increases in the nociceptive threshold, with significant improvements in mechanical hyperalgesia compared to the CTL- group ([Fig 3A](#pone.0141886.g003){ref-type="fig"}). When the percentage reductions of mechanical hyperalgesia of the treatments were analyzed relative to the third day, all groups except the CTL- showed improvements in induced mechanical hyperalgesia, which were significant for the HCE5 and CTL+ groups. The improvement in the inhibition percentage was more evident in the HCE5 group, which showed results similar to CTL+ ([Fig 3B](#pone.0141886.g003){ref-type="fig"}).

![Evaluation of the mechanical hyperalgesia of animals with OA and treated with *Chenopodium ambrosioides* HCE.\
OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the nociceptive thresholds of animal leg withdrawal were measured for indirect evaluation using a *Randall-Selitto* apparatus. A shows the kinetics of nociceptive threshold of leg withdrawal, and B shows the percentage reduction in mechanical hyperalgesia on day ten relative to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.](pone.0141886.g003){#pone.0141886.g003}

Evaluation of motor activity {#sec025}
----------------------------

Three days after the MIA injection, the animals showed decreases in the forced walking score, as expected. On the seventh day, the CTL-, HCE0.5 and HCE5 groups still showed decreases in the walking score, while the HCE50 and CTL+ groups showed improvements in walking, in the latter case a significant improvement. On the tenth day, all groups treated with HCE had increased scores, with improved walking; however, only the HCE5 group had a significant increase. A similar result was noted for the CTL+ group compared to the CTL- group ([Fig 4A](#pone.0141886.g004){ref-type="fig"}). When the percentage walking improvement of the treatments was studied relative to the third day, all treatment groups showed improvements in walking percentage, with the exception of HCE0.5. The improvement was most evident in the HCE5 group, which was close to the CTL+ value ([Fig 4B](#pone.0141886.g004){ref-type="fig"}).

![Evaluation of the motor activity of animals with OA and treated with *Chenopodium ambrosioides* HCE.\
OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the motor activity of the animals was measured to evaluate the walking score using a *Rotarod* device. A shows the kinetics of the animals\' walking score, and B shows the percentage improvement in walking on day ten compared to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.](pone.0141886.g004){#pone.0141886.g004}

*In silico* analysis of ascaridole--NMDA receptor interaction {#sec026}
-------------------------------------------------------------

Due to the promising results presented, showing an analgesic effect of *C*. *ambrosioides* HCE and knowing that ascaridole is present in large quantities in its extract \[[@pone.0141886.ref012]\], and given that ascaridole has been cited as potentially involved in inflammation \[[@pone.0141886.ref010]\], we attempted to elucidate whether this substance was responsible for this effect by bonding it with the pain receptor (NMDA).

*In silico* analysis indicated that ascaridole can bond to both chain A ([Fig 5A](#pone.0141886.g005){ref-type="fig"}) and chain B ([Fig 5B and 5C](#pone.0141886.g005){ref-type="fig"}) of the glutamatergic receptor, both containing NMDA receptors. The ascaridole interaction at the active site of NMDA chains A and B featured negative binding energies (-5.19 kcal mol^-1^for chain A and -5.36 kcal mol^-1^ for chain B) ([Fig 6](#pone.0141886.g006){ref-type="fig"}). Hydrogen bonds (black dashed lines) and hydrophobic interactions were observed.

![Three-dimensional image of the molecular docking of the interaction of ascaridole with chains A and B of the NMDA receptor.\
A shows chain A with ascaridole bound to the receptor; the terpene is represented in brown (red circle) in *surface* mode. B shows chain B with ascaridole bound to the receptor; the terpene is represented in its normal conformation (red circle). C shows the B chain with ascaridole bound to the receptor; the terpene is represented in green (red circle) in a different viewing mode (*surface*).](pone.0141886.g005){#pone.0141886.g005}

![Molecular interaction of ascaridole with NMDA chains A (1) and B (2).](pone.0141886.g006){#pone.0141886.g006}

Discussion {#sec027}
==========

The use of plants as an alternative and/or complementary resource in disease treatment has grown in recent years, and the search for drugs that relieve pain symptoms has become increasingly intense \[[@pone.0141886.ref002]\]. However, few plants are used for OA treatment, and although there is no drug that can cure this disease, some, such as *C*. *ambrosioides*, could be used to alleviate the symptoms of pain and inflammation, since the results of this study clearly demonstrate its effects on osteoarthritis-related pain and inflammation.

The treatment with *C*. *ambrosioides* HCE reduced the knees diameter, what was more evident in HCE5 group. This parameter has been used as an inference of edema formation. However, when the synovial cartilage was microscopically observed, there was no edema inhibition. This result suggests that the knee diameter reduction was due to inhibition of inflammatory cells recruitment to synovia and not to edema. In fact, the HCE5 group also showed a decrease in synovial lavage cells that was consistent with inhibition of the inflammatory infiltrate in the synovia. It should be noted that the inflammatory infiltrate observed was predominantly mononuclear, indicating that lymphocytes may play an important role in this model.

Our group using infectious inflammation \[[@pone.0141886.ref006]\], carrageenan-induced edema, cotton pellet granuloma, and cyclophosphamide-induced cystitis models has already discussed this anti-inflammatory effect of oral treatment with HCE. In these previous results we also verified that the 5mg/Kg doses is the most efficient in inhibit different kinds of inflammatory reaction. This fact can be related to the pharmacokinetics and pharmacodynamics of the HCE, but also to its toxicity. Our group showed that the sub chronic treatments with HCE at 5mg/Kg are totally safe. However, the dose of 50 mg/Kg showed punctual alterations in mice when used sub chronically \[[@pone.0141886.ref027]\], what was more evident in chronic use.

To investigate whether the inhibitory effect of inflammatory infiltrate was associated with a reduction in the secretion of pro-inflammatory cytokines, a measurement of cytokines from the synovial lavage of the animal's knee was taken. However, no significant cytokine concentrations were detected in the lavage (data not shown).However, the HCE5 group had an increased number of draining lymph node cells, suggesting that the reduction in inflammatory infiltrate in synovial fluid was due to the maintenance of lymphocytes in the lymph node. It was not possible to investigate the kind of lymphocyte that was proliferating in the lymph node, but it is reasonable to suppose that regulatory lymphocytes or also M2 macrophage could be activated by HCE treatment and participating in both the regulation of inflammation and tissue repair \[[@pone.0141886.ref028],[@pone.0141886.ref029]\].

Considering the significant inflammatory reduction observed in the knees, it was investigated whether the inhibition of inflammation could also reflect in the decreasing of pain associated to OA. At the end of treatment, the improvement of allodynia was more evident in the HCE5 group, in which a decrease of approximately 80% in nociceptive threshold was observed on the last day of the experiment. This reduction was also very close to that observed in the positive control group (86%). This result is in accordance with other authors \[[@pone.0141886.ref030],[@pone.0141886.ref031]\] that observed this allodynia reduction after treatment with injectable lacosamide, a drug used for the treatment of epilepsy, or type II collagen, respectively.

The treatment with *C*. *ambrosioides* HCE was also able to reduce the intensity of mechanical hyperalgesia through the end of experiment. The results showed a reduction of 30% in mechanical hyperalgesia in the HCE5 group, which was similar to the positive control group, which showed a reduction of 26%. Our group has previously shown the antinociceptive effect of oral treatment with *C*. *ambrosioides* HCE using acetic acid-induced abdominal contortions test \[[@pone.0141886.ref008]\].

Altogether, the results demonstrated that *C*. *ambrosioides* HCE had anti-inflammatory and antinociceptive effects, which means that it is similar to drugs already used therapeutically. One example is diclofenac, a non-steroidal anti-inflammatory that reduced the intensity of mechanical hyperalgesia \[[@pone.0141886.ref032]\].

Based on the fact that HCE has an antinociceptive action, we investigated whether the motor ability would be also recovered. In fact, the walking scores of animals treated with HCE increased until the end of treatment, however, only the HCE5 group showed a significant increase in the walking ability, on the tenth day of the experiment. The fact that HCE improved walking in animals with MIA-induced OA demonstrates that the extract acts directly on knee inflammation, confirming the results of the work mentioned above and suggesting an antinociceptive response, which leads to an improvement in walking. Yassin and collaborators \[[@pone.0141886.ref033]\] obtained similar results using topical treatment with an indomethacin gel, suggesting that the anti-inflammatory effect is intrinsically related to the decreasing of pain and, consequently, the recovering of motor ability.

The significant differences observed between the HCE-treated and control groups in clinical evaluation tests could be explained by a possible antagonistic effect of the substances present in the *C*. *ambrosioides* extract on pain receptors, such as NMDA receptor, which is related to chronic pain. It was shown here that ascaridole binds to the NMDA receptors. This result suggests that HCE could act as antagonist of NMDA receptor what can explains the decreasing of inflammation and pain by *C*. *ambrosioides*. The HCE could acts in a similar way as ketamine, which has been identified as a potent NMDA antagonist \[[@pone.0141886.ref034]\].Other NMDA antagonist is Magnesium sulfate (MgSO~4~), which changes the course of OA induced in animals by reducing nociception, chondrocyte apoptosis and the expression of the NR1 receptor, an NMDA subtype that is related to the prevention of cartilage damage \[[@pone.0141886.ref035]\].

To date, no studies have been found in the scientific literature that have analyzed the relationship of ascaridole or any other substance from *C*. *ambrosioides* HCE with the NMDA receptor. Furthermore, we suggest that antagonism of this receptor is one of the probable mechanisms by which HCE attenuates pain in animals, with possible reduction of central sensitization and receptor expression.

Other studies analyzing the expression of these receptors in OA are necessary to confirm the findings of this work; however, it seems clear that there is a relationship between ascaridole and NMDA, and this relationship may be the key to a new way of treating OA, using plant species showing promising results for the production of new drugs.

Conclusion {#sec028}
==========

Oral treatment with *C*. *ambrosioides* HCE inhibited synovial inflammation, modulated lymphocyte proliferation and decreased the pain *In silico* analysis showed that ascaridole is an NMDA receptor antagonist, what could explain its effect on pain reduction.

Supporting Information {#sec029}
======================

###### Measurement of knee with OA from animals treated with *Chenopodium ambrosioides* HCE.

OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the knee diameters of the animals were measured for indirect evaluation of inflammation. A shows the kinetics of inflammation, and B shows the percentage inhibition of inflammation on day ten compared to day three. The data are represented as the means ± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.

(XLSX)

###### 

Click here for additional data file.

###### Evaluation of mechanical allodynia of animals with OA and treated with *Chenopodium ambrosioides* HCE.

OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the nociceptive thresholds of animal leg withdrawal were measured for indirect evaluation using a *Von Frey* filament apparatus. A shows the kinetics of nociceptive threshold of leg withdrawal, and B shows the percentage reduction in mechanical allodynia on day ten relative to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.

(XLSX)

###### 

Click here for additional data file.

###### Evaluation of the mechanical hyperalgesia of animals with OA and treated with *Chenopodium ambrosioides* HCE.

OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the nociceptive thresholds of animal leg withdrawal were measured for indirect evaluation using a *Randall-Selitto* apparatus. A shows the kinetics of nociceptive threshold of leg withdrawal, and B shows the percentage reduction in mechanical hyperalgesia on day ten relative to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.

(XLSX)

###### 

Click here for additional data file.

###### Evaluation of the motor activity of animals with OA and treated with *Chenopodium ambrosioides* HCE.

OA was induced by MIA injection (8 mg/kg) in Wistar rat knees. After six hours, the animals received, by oral route, saline (CTL-), *Maxicam plus* (CTL+) or *Chenopodium ambrosioides* HCE at doses of 0.5, 5 and 50 mg/kg (HCE0.5, HCE5 and HCE50, respectively). After three, seven and ten days, the motor activity of the animals was measured to evaluate the walking score using a *Rotarod* device. A shows the kinetics of the animals\' walking score, and B shows the percentage improvement in walking on day ten compared to day three. The data are represented as the means± standard errors of the mean. The dashed red line represents the Clean group (without OA and untreated). \*p\<0.05 compared to CTL- group.

(XLSX)

###### 

Click here for additional data file.

###### Histopathological analysis of the synovial membrane from animals with MIA- induced OA and treated with *Chenopodium ambrosioides* HCE.

(XLSX)

###### 

Click here for additional data file.

###### Count of synovial and popliteal lymph node cells from animals with MIA-induced OA and treated with *Chenopodium ambrosioides* HCE.

(XLSX)

###### 

Click here for additional data file.
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